Abstract : we report the first demonstration of a long-distance ultra stable frequency dissemination in the microwave range. A 9.15 GHz signal is transferred through a 86-km urban optical link with a fractional frequency instability of 1.3×10 -15 at 1 s integration time and below 10 -18 at one day. The optical link phase noise compensation is performed with a round-trip method. To achieve such a result we implement light polarisation scrambling and dispersion compensation. This link outperforms all the previous radiofrequency links and compares well with recently demonstrated full optical links.
Introduction
Ultra-stable frequency transfer between remotely located laboratories is required in time and frequency metrology, fundamental physics, particle accelerators and astronomy. Distant clock comparisons are currently performed using satellites, by Two-Way Satellite Time and Frequency Transfer, or through the Global Positioning System. Both methods are limited to a 10 -15 fractional frequency instability for one day of averaging time [1] . This is insufficient to transfer the properties of modern cold atom microwave frequency standards which have demonstrated frequency instability of a few 10 -16 at one day [2, 3] . Beyond metrology, high-resolution clock comparison is essential for advanced tests in fundamental physics, such as tests of the stability of fundamental constants [4] [5] [6] .
To overcome current free space link limitations, the transmission of standard frequencies over optical fibers has been investigated for several years [7] [8] [9] [10] . This technique takes advantage of the low attenuation, high reliability and continuous availability of fibers.
Radio frequency (RF) transmission using amplitude modulation of an optical carrier at 1 GHz have demonstrated a frequency instability as low as 5×10 -15 at 1 s and 2×10 -18 at one day over 86 km [11] . Direct optical frequency transfer [12] [13] [14] [15] can provide even better stability and be extended to greater distances. For both methods a phase noise correction is needed to compensate for the fluctuation of the propagation delay due to mechanical perturbation and temperature variation along the fibre. For this purpose the so-called round-trip method is used.
Radio frequency transmission over an optical link has already been demonstrated at 100 MHz, 1 GHz and a few tens and hundreds of GHz [8, 9, 11, 16, 17] . In this paper, we report on the transmission of a microwave frequency reference signal at 9.15 GHz over a 86-km urban fiber link connecting our two laboratories, LPL and LNE-SYRTE. This work pursues the development of stable frequency distribution of a reference signal already demonstrated between our two laboratories in the RF domain at 100 MHz [8] and 1 GHz [11] . The fiber optical length fluctuations induce phase fluctuations proportional to the modulation frequency, thus moving to higher frequency potentially leads to an increase of the signal-to-noise ratio of the detected fiber phase fluctuations. Moreover a microwave frequency of about 10 GHz is well suited to applications concerning particle accelerators [18] and astronomy and is close to the 9.192 GHz caesium transition frequency used for the definition of the SI second. In the following, we describe the new set-up. Then we present the resulting performance, discuss the limitations and conclude.
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Experimental set-up
The schematic of the optical link and compensation system is displayed on Figure 1 . The link is obtained by cascading two 43-km twin fibers connecting the laboratories LPL and LNE-SYRTE. Both ends are collocated at LPL, one labelled as local and the other as remote.
The performance of our previous optical link was limited by the signal-to-noise ratio at detection and the phase noise and long-term instability of the laser source which induced a parasitic noise due to the fiber dispersion [11] . Thus two main changes have been implemented. The reference carrier frequency has been increased from 1 GHz to 9.15 GHz inducing a complete change of the compensation system, laser sources and detection set-up. Moreover a section of negative dispersion fiber has been added to the link to compensate for its dispersion.
At each end two very low phase noise microwave synthesis systems generate all the signals necessary for the compensation system. At the local end, a 9.15 GHz Yttrium Iron Garnet microwave oscillator (YIG) is phase-locked to a low phase noise 100 MHz voltage controlled quartz oscillator (VCXO) with a double stage RF down conversion approach using a 200 MHz sampling mixer [19, 20] . At the remote end a similar technique is used to phase lock a second microwave oscillator operating at 9.25 GHz by harmonic sampling to a low phase noise 1 GHz successive mixing processes with the input 9.15 GHz signal and the 100 MHz from the VCXO.
This generates an error signal which is processed by a simple low frequency loop filter and applied to two variable delay lines at the local input in order to cancel out the link phase perturbations.
One variable delay line is home made with a 15-meter long optical fiber wrapped around a 20-mm diameter cylindrical piezoelectric transducer (PZT) to correct the fast and small phase perturbations [17] . Voltage applied to the PZT stretches the fiber with a dynamic range of 15 ps and a bandwidth of about 1 kHz. The second variable delay line consists of a 2.5-km long fiber spool in an enclosure which is temperature controlled by thermoelectric modules. This device corrects slow and large phase perturbations with a dynamic range of about 4 ns corresponding to a temperature range of 50°C (88 ps/°C). It enables the correction of a global temperature change of 1.5°C of the optical link, whereas the temperature change is typically less than 0.5 °C per week.
The use of two different microwave frequencies for the forward and backward signals (9.15 GHz and 9.25 GHz) prevents interferences between the main signal, Brillouin backscattering and parasitic reflections from connectors and splices along the link.
The polarization mode dispersion (PMD) and the chromatic dispersion are two detrimental fiber propagation effects that limit the performance of the correction system as discussed in [11, 21] . Both phenomena induce an asymmetry of the phase perturbation in forward and backward propagation directions along the link with the result that the round-trip phase fluctuations do not exactly correspond to twice the forward phase fluctuations. To minimize PMD, the laser beam polarization is directly scrambled at each emitted source by a 3 axes polarization scrambler at frequencies higher than the inverse of the light propagation delay in the overall round-trip (0.5 ms).
Each scrambler acts as three cascaded variable retardation waveplates excited at different resonant frequencies (approximately 60 kHz, 100 kHz and 130 kHz). This enables the exploration of all polarization states. The chromatic dispersion of the fiber (D~-17 ps/km/nm) converts the laser diodes' frequency noise into an excess phase noise of the optical link [11] . To reduce this effect 11 km of highly negative dispersion fiber is inserted at the local end. Thus the total dispersion is reduced to less than 5% of the original 86-km fiber dispersion. This also prevents periodic signal fading and extinction along the link. Without this compensation the dispersion creates a differential phase shift between the microwave sidebands of the optical signal. It amounts to ∆φ=2πcDL(Ω/ω) 2 with D the fiber dispersion, L the fiber length, and Ω and ω the microwave and optical angular frequencies respectively. This leads to a modulation of the detected microwave signal amplitude with the fiber length with a first complete extinction at around 22 km [11] .
Two optical amplifiers (EDFA) are used to optimize the signal-to-noise ratio at detection and to compensate for the 11 dB additional optical losses introduced by the negative dispersion fiber. Despite these EDFAs and additional attenuation, the signal-to-noise ratio has not been degraded thanks to the higher modulation frequency compared to a 1 GHz system [11] .
Results and discussion
We measure the fractional stability of the compensated link by analyzing the phase variation between the local end 9.15 GHz and the remote end 9.25 GHz (Fig. 1) . The beat signal at 9.25 GHz is down-converted to DC by mixing with the 9.15 GHz input and the 100 MHz LO. Figure 2 shows the residual phase noise spectral density of the compensated 86-km optical link (red trace) measured at 9.25 GHz, the system noise floor obtained after replacing the fiber link with an equivalent optical attenuator (black dotted trace) and the noise of the laser diode, photodiode and amplifier (blue dashed trace). The latter noise does not limit the compensation system. The red trace shows a rather dense distribution of spurious bright lines due to the polarization scrambling process and their multi frequency mixing products converted into phase variations. These unwanted lines are not a limiting factor for distant clocks comparisons. However, in order to transfer an ultra-stable oscillator, it is necessary to remove the spurious lines beyond 50-100Hz. This could be done by locking a commercially available low phase-noise oscillator to the transmitted signal with a bandwidth around 50 Hz and reducing its phase-noise close to the carrier. . Figure 4 shows the Allan deviation calculated from the propagation delay data measured on the 86-km compensated link. A 15 Hz low-pass filter is used to remove the spurious lines and the high frequency phase noise of the microwave signal before phase sampling.
We obtain a frequency instability of the link of 1.3×10 -15 at 1 s integration time and much better than 10 -18 at one day integration time (red circles). This result is compared with previous results at 1 GHz (blue squares) [11] together with the free running frequency stability of the link (black diamonds). This demonstrates that we have significantly improved the frequency stability of the link by using amplitude modulation at higher microwave frequencies and minimizing the unwanted fiber propagation effects. A linear fit calculated over the entire dataset show a frequency bias of about 2×10 -19 , compatible with zero within the errors bars.
The ultimate link stability is still an open question and we need to analyze the different sources limiting the stability. To demonstrate the PMD deleterious effects on the fiber propagation, we have removed the polarization scrambler at the remote end and performed a phase measurement.
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In this case the long-term stability of the link is severely degraded (black squares in figure 5 ) and reaches a Flicker floor at around 10 -17 . We have also replaced the negative dispersion fiber with an equivalent optical attenuator. In this case both short-term and long-term stability are affected (blue triangles in figure 5 ). The compensation system noise floor is shown in figure 5 (grey diamonds) where the 86-km link has been replaced by an equivalent optical attenuator. Below 2000 s, there is a good agreement between the 86-km stability link (red circles) and the compensation system floor.
The signal-to-noise ratio at the optical detection is limiting this noise floor at short term. The frequency instability scales with approximately a τ -2/3 slope. This noise level has been obtained with a careful control of the thermal environment of the electronics package and the uncommon sections of the optical paths. Over the long term, the optical link stability is no longer limited by the compensator floor. This long-term instability can be attributed to residual PMD effects or amplitude modulation to phase modulation (AM/PM) conversion in photodiodes and mixers [22, 23] .
Conclusion.
We have demonstrated an 86-km compensated optical link using an urban telecom network with a frequency instability of 1.3×10 -15 at 1 s and below 10 -18 after one day of integration time. Fractional frequency stability measurement time [s] 
